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Arrestins play an important role in quenching signal 
transduction initiated by G protein-coupled receptors. 
To explore the specificity of arrestin-receptor interac- 
tion, we have characterized the ability of various wild- 
type arrestins to bind to rhodopsin, the jSa-adrenergic 
receptor OgAR), and the in2 muscarinic cholinergic re- 
ceptor (m2 mAChR). Visual arrestin was found to be the 
most selective arrestin since it discriminated best be- 
tween the three different receptors tested (highest bind- 
ing to rhodopsin) as well as between the phosphoryla- 
tion and activation state of the receptor (> 10-fold higher 
binding to the phosphorylated light-activated form of 
rhodopsin compared to any other form of rhodopsin). 
While ^-arrestin and arrestin 3 were also found to pref- 
erentially bind to the phosphorylated activated form of 
a given receptor, they only modestly discriminated 
among the three receptors tested. To explore the struc- 
tural characteristics important in arrestin function, we 
constructed a series of truncated and chimeric ar- 
restins. Analysis of the binding characteristics of the 
various mutant arrestins suggests a common molecular 
mechanism involved in determining receptor binding 
selectivity. Structural elements that contribute to arres- 
tin binding include: 1) a C-terminal acidic region that 
serves a regulatory role in controlling arrestin binding 
selectivity toward the phosphorylated and activated 
form of a receptor, without directly participating in re- 
ceptor interaction; 2) a basic N-terminal domain that 
directly participates in receptor interaction and ap- 
pears to serve a regulatory role via intramolecular in- 
teraction with the C-terminal acidic region; and 3) two 
centrally localized domains that are directly involved in 
determining receptor binding specificity and selectiv- 
ity. A comparative structure-function model of all ar- 
restins and a kinetic model of p-arrestin and arrestin 3 
interaction with receptors are proposed. 



Many cells have the ability to rapidly regulate their respon- 
siveness to external stimuli. This phenomenon, often termed 
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desensitization, has been extensively studied in signaling path- 
ways initiated by G protein-coupled receptors. Two of the best 
studied G protein-coupled receptors are rhodopsin, which me- 
diates phototransduction in retinal rod cells, and the fi^'^die- 
nergic receptor (^jAR)^, which stimulates cAMP production in 
many tissues. The molecular events underlying desensitization 
of rhodopsin and the ^^AR include a rapid activation-depend- 
ent phosphorylation of the receptor mediated by the specific G 
protein-coupled receptor kinases rhodopsin kinase (1) and the 
^-adrenergic receptor kinase (/3ARK) (2), respectively. Receptor 
phosphorylation then promotes the binding of another protein 
to the receptor. This protein has been termed S-antigen or 
arrestin in the phototransduction system while in the ^aAR 
system a related protein termed ^-arrestin has been impli- 
cated. The binding of arrestin to the phosphorylated receptor 
appears to play the primary role in quenching signal transduc- 
tion via its apparent ability to directly decrease receptor/G 
protein coupling (3-6). 

Recent studies suggest a significant diversity in the arrestin 
gene family with four mammalian arrestins having been iden- 
tified to date (5, 7-12). The mammalian arrestins include vis- 
ual arrestin, which is predominantly localized in rods and 
appears to play a primary role in quenching phototransduction 
(13, 14); )3-arrestin, which may play a role in desensitization of 
the PgAR (5, 6); arrestin 3 (also termed p-arrestin 2), a recently 
identified member of the family that may interact with the 
P2AR and possibly odorant receptors (8-10, 15); and a recently 
cloned retinal-specific arrestin termed X-arrestin (11) or C- 
arrestin (12). Recent studies suggest that at least three of the 
mammalian arrestins may also be represented by multiple 
polypeptide variants (10, 16, 17). These variants include a form 
of p-arrestin, jSarrS, that lacks 8 amino acids foimd in the 
originally identified bovine brain j3-arrestin ()3arr) (5, 10, 16). 
Interestingly, the 8 amino acids that distinguish these two 
forms of p-arrestin are encoded by exon 13 in the human visual 
arrestin gene (18). While a similar variant may also exist for 
visual arrestin (16), a variant that has an alanine in place of 
the C-terminal 35 amino acids has also been identified (17). In 
addition, a form of arrestin 3 (arr3L) that contains an 11-amino 



^ The abbreviations used are: Pg-^drenergic receptor; arrestin, 

a generic term that includes all arrestins; arr, visual arrestin; parr, 
P-arrestin; arr3, arrestin 3; jSARK, P-adrenergic receptor kinase; G 
protein, guanine nucleotide binding protein; m2 mAChR, m2 musca- 
rinic cholinergic receptor; mAChR", carbachol-activated mAChR; P- 
mAChR, phosphorylated mAChR; P-mAChR*, phosphorylated carba- 
chol-activated mAChR; P2AR*, isoproterenol-activated P2AR; P-pgAR, 
phosphorylated pjAR; P-pgAR*, isoproterenol-activated phosphorylated 
p^AR; Rh, dark rhodopsin; Rh*, Ught-activated rhodopsin; P-Rh, phos- 
phorylated rhodopsin; P-Rh", phosphorylated light-activated rhodopsin; 
S, short; L, long. 
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acid insert between residues 361 and 362 has also been iden- 
tified (10). While the predominant form of )3arr varies between 
tissues and arr3S is the predominant form of arr3 in most 
tissues, little is presently known about the functional signifi- 
cance of these polypeptide variants. 

The tremendous diversity of the G protein-coupled receptors, 
as compared to the more limited number of G protein-coupled 
receptor kinases and arrestins, raises obvious questions con- 
cerning the receptor specificity of the various G protein-coupled 
receptor kinases and arrestins. Here we have compared the 
ability of visual arrestin, Parr, ^arrS, arr3L, and arr3S to bind 
to four different functional forms (phosphorylated, phosphoryl- 
ated and agonist activated, imphosphorylated, and unphospho- 
rylated and agonist activated) of three functionally distinct 
receptors: rhodopsin, the 02^* ^ muscarinic cholin- 

ergic receptor {m2 mAChR). We have utilized these receptors 
since they each have been demonstrated to undergo an activa- 
tion-dependent phosphorylation both in vitro and in intact cells 
(2, 19-23). Moreover, more recent studies suggest that each of 
these receptors is also able to interact with arrestins in vitro 
(4-6, 9, 24). 

The recent progress in elucidating the molecular mecha- 
nisms involved in visual arrestin binding to phosphorylated 
light-activated rhodopsin (P-Rh*) (25-27), as well as the clon- 
ing of an increasing number of arrestins, raises several impor- 
tant questions concerning arrestin function. First, do other 
members of the arrestin family use the same sequential mul- 
tisite binding mechanism as does visual arrestin? In addition, 
what domains of the arrestin molecule determine its receptor 
specificity and what structural elements of arrestins and re- 
ceptors are involved? In an attempt to address these questions 
we have utilized two strategies of mutagenesis. First, several 
truncated forms of )3arr and arrS, analogous to the previously 
characterized truncated forms of visual arrestin (arr) (25, 26), 
were produced and functionally characterized. This approach 
allowed us to estabHsh a similar localization of the major func- 
tional domains in all arrestin proteins and suggested that the 
molecular mechanisms involved in their binding may also be 
similar. These findings set the stage for the construction of a 
series of arr/jSarr chimeras. In constructing the chimeric ar- 
restins we attempted to divide the arrestins into the four func- 
tional domains previously identified in visual arrestin (25, 26). 
These studies have enabled us to obtain fiirther insight into the 
mechanism of arrestin-receptor interaction and the structural 
basis of arrestin specificity. 

EXPERIMENTAL PROCEDURES 

Ma£eria/s— Ct^^^IATP, [^S]dATP, and [^Hlleudne were purchased 
firom DuPont NEN. All restriction enzymes were purchased from either 
Boehringer Mannheim or Promega. Sepharose 2B, Sephadex G-25, and 
all other chemicals were from Sigma. Rabbit reticulocjrte lysate and SP6 
RNA polymerase were prepared as described previously (25, 26). ll-cis- 
Retinal was generously supplied by Dr. R. K. Crouch, National Insti- 
tutes of Health. Other reagents were ft^m sources previoiisly described 
(25, 26). 

Plasmid Constructions— A bovine visual arrestin cDNA was gener- 
ously supplied by Dr. T. Shinohara (7). An arrestin construct containing 
the wild type N terminus of arrestin (pARR) was subcloned into the 
vector pG2S6-I as described previously (24). The bovine ^-arrestin, 
^-arrestin S, arrestin 3L, and arrestin 3S cDNAs (10) were excised with 
Ncol and Hindlll and subcloned into NcoVHindlll digested pG2S6-I 
(resulting plasmids were termed pBARR, pBARRS, pARRSL, and 
pARR3S, respectively). Plasmids were linearized with Hindlll before in 
vitro transcription to obtain full-length mRNAs. Plasmids encoding 
chimeric arrestins were constructed as follows. pBBBA and pAAAB 
were obtained by exchange of 350- and 377-bp BsiXI-i/t/idlll fragments 
of pARR and pBARR, respectively. pBAAA and pABBB were con- 
structed by exchange of 1225- and 1274-bp BamHI/HmdIII fragments 
of pARR and pBARR, respectively. pBAAB and pABBA were con- 
structed by subcloning 1252- and 1247-bp BamHI/HmdIII fragments of 



pAAAB and pBBBA, respectively, into BamHI/Hindlll digested pBARR 
and pARR, respectively. pBBAA and pAABB were constructed by ex- 
change of 730-and 786-bp B^/II/ifindlll fragments of pARR and 
pBARR, respectively. pABAA and pBABB were obtained by subcloning 
1218- and 1300-bp BamHI/HiVidlll fragments of BBAA and AABB, 
respectively, into BamHI/Hi/idlll-digested pARR and pBARR, respec- 
tively. pBBAB and pAABA were constructed by subcloning 377- and 
350-hp BstXUHindlll fragments of pBARR and pARR, respectively, into 
BsiXIZ/findlll-digested pBBAA and pAABB, respectively. The se- 
quences of all constructs were confirmed by DNA sequencing (the struc- 
tures of the resisting proteins are schematically shown in Fig. 4). 
Plasmids were linearized with HmdIII before in vitro transcription to 
obtain full-length mRNAs. To obtain truncated mRNAs, pARR and 
pBAAA were linearized with Stul to obtain mRNAs encoding arr(l- 
191) and BAAAfl-187); pBARR and pABBB were linearized with 
Hindll to obtain mRNAs encoding i3arr(l-217) and ABBB(1-221); 
pBARR was linearized with either Bglll or AspHI to obtain mRNAs 
encoding ^arr( 1-206) and )3arr( 1-367), respectively; while pARR3S was 
linearized with either PvuU or S/uI to obtain mRNAs encoding arr3(l- 
183) and arr3S( 1-375), respectively. In vitro transcription and transla- 
tion was carried out as described previously (25, 26). 

Receptor Preparations— Vrea-treaited rod outer segment membranes 
were prepared, phosphorylated with ^ARK, and regenerated with 11- 
cis-retinal as described (26). The stoichiometry of phosphorylation for 
the rhodopsin preparation used in these studies was 2.4 mol of phos- 
phate/mol of rhodopsin. The human m2 mAChR was expressed in Sf9 
cells, purified by affinity chromatography, and reconstituted into chick 
heart phospholipid vesicles as described previously (23). The reconsti- 
tuted m2 mAChRs were phosphorylated with /SARK to a stoichiometry 
of 2.8-3.7 mol of phosphate/mol of m2 mAChR as described previously 
(24). Both human and hamster ^^AR were expressed in Sf9 cells, 
purified by affinity chromatography, reconstituted into soybean phos- 
phatidylcholine vesicles, and phosphorylated by J3ARK to stoichiome- 
tries of 2.4-4.5 mol of phosphate/mol of ^^AR as described previously 
(28). Activation of the receptors was achieved with room light for rho- 
dopsin, 100 juM (-)-isoproterenol for the ^g^R, and 100 ^iM carbachol for 
the m2 mAChR. 

Arrestin Binding to Receptors— The basis of the arrestin/receptor 
binding assay was to assess a change in the mobility of an arrestin on 
a gel filtration column upon binding to the receptor. To study binding to 
rhodopsin, the in vitro translated [^H]arrestins were incubated in 50 
mM Tris-HCl, pH 7.5, 0.5 mM MgClg, 100 mM potassium acetate with 7.5 
pmol of the various functional forms of rhodopsin in a volume of 50 ^ 
for 5 min at 37 °C either in the dark or in room light. The samples were 
then cooled on ice and under dim red light were loaded onto a 2-ml 
Sepharose 2B column equilibrated with 20 mM Tris-HCl, pH 7.5, 2 mM 
EDTA (buffer A). Bound arrestin eluted with the rod outer segments in 
the void volume (between 0.5 and 1.1 ml). To study binding of the 
arrestins to the m2 mAChR or ^^AR, 200 finol of the receptor (phos- 
phorylated or nonphosphorylated) were incubated for 50 min at 30 °C in 
a 50-^ reaction with 50 finol of the respective t^H]arrestin and 100 ^iM 
of either the respective antagonist (atropine or alprenolol) or agonist 
(carbachol or isoproterenol) in 50 mM Tris-HCl. pH 7.5, 50 mM potas- 
sium acetate, 0.5 inM MgClj (and 0.2 mM dithiothreitol for the mAChR). 
The samples were then cooled on ice and loaded onto a 2-ml Sepharose 
2B column equilibrated with buffer A. The columns were washed with 
0.5 ml of buffer A and the phosphoUpid vesicles containing the receptor 
and bound arrestin were then eluted with 0.6 ml of buffer A. When 
saturation isotherms were prepared, samples contained 50 fmol of 
phosphorylated m2 mAChR or /S^AR, 100 ^lM of the appropriate ligand, 
and various concentrations of the arrestins. Nonspecific binding was 
determined in the presence of 0.3-1 ;ig of control Uposomes and did not 
exceed 15% of the total binding. For all of the arrestin binding experi- 
ments the nonspecific binding was subtracted. 

RESULTS 

Interaction of Arrestins with Rhodopsin, m2 Muscarinic 
Cholinergic, and Receptors — In an effort to further 

characterize the interaction of arrestins with G protein-coupled 
receptors, we have studied the binding of in vitro translated 
arrestin, ^-arrestin (short and long forms), and arrestin 3 
(short and long forms) to various functional forms of rhodopsin 
(Rh), the ^zAR, and the m2 mAChR. These functional forms 
include the phosphorylated receptors (P-Rh, P-^2^> 



P-mAChR), phosphorylated and activated^ receptors (P-Rh*, 
P-jSjAR*, P*mAChR*), non-activated receptors fRh, ^2^» 
mAChR), and activated receptors (Rh*, Ps^R*, mAChR*). 

As previously demonstrated, visual arrestin preferentially 
binds to P-Rh* with a P-Rh*/P-Rh binding ratio of -12 (Fig. 
LA). ArrSS, arrSL, parr, and ^arrS demonstrate a 2-3-fold 
lower level of binding to P-Rh* compared to arr. In addition, 
)3-arrestin and arrestin 3 also bind to rhodopsin less selectively 
compared to arrestin with P-Rh*/P-Rh binding ratios from 1.3 
for arrSL to 2.1 for jSarr. The selectivity profiles of ^arr and 
arr3 binding to the m2 mAChR qualitatively resemble those 
seen with rhodopsin (Fig. LB). All of the arrestins bind prefer- 
entially to P-mAChR* with arrSS binding being -1.5-fold 
higher than arr3L, ^arr, and ^arrL, and -19-fold higher than 
arr. The P-mAChR*/P-mAChR binding ratio is 1.6-1.9 for all 
arrestins, similar to that observed for ^arr and arr3 binding to 
rhodopsin. 

Since no direct binding studies of arrestin interaction with 
the )32AR have been reported, we initially attempted to opti- 
mize the conditions to study ^arr and arr3 binding to the ^2^- 
Binding to the was found to reach an apparent equilib- 
rium following a 30-min incubation at 30 °C, which was main- 
tained for at least another 30 min. The minimum phosphoryl- 
ation level necessary for )3arr and arr3S to recognize the 
phosphorylated form of the /SgAR was 2-3 mol of Pi/mol of 
jSjAR, while additional phosphorylation up to 10-11 moVmol 
did not increase ^arr or arr3S binding (not shown). The selec- 
tivity profiles of jSarr, arr3, and arr binding to the jSgAR are 
very similar to those observed with the m2 mAChR (Fig. IC). 
Arr3S demonstrates the highest binding, followed by arr3L, 
jSarr, and ^arrS. Arr binding to the 4-9-fold lower 

than the other arrestins. The discrimination of )3arr and arr3 
between the P-jSsAR* and P-ZBgAR is also very similar to that 
observed for the m2 mAChR (1.5-1.8-fold). 

Previously, we demonstrated that a conventional Scatchard 
analysis could be used to study ^arr and arr binding to the 
P-mAChR* (24). More extensive analysis demonstrates that 
arr3S and arrSL {K^ = 0.35-0.38 nM), and /3arr and ^arrS {K^ 
- 0.5-0.6 um) have similar affinities for the human P-m2 
mAChR*, while arr (K^ = 7.2 nM) has a substantially lower 
affini ty (Table I). The nximber of binding sites, determined in 
the presence , of 50 fmol of P-mAChR*, was also substantially 
different among the arrestins with a Bmax of 15-19 finol for 
arrSS, arr3L, ^arrS, and jSarr and only —7 finol for arr. A 
similar analysis of arrestin binding to the human P-)32AR* 
demonstrates that jSarr and ^arrS have the highest affinity {K^ 
= 0.14-0.19 nM), followed by arr3S and arrSL {K^ = 0.33-0.36 
nM), and arr {K^ = 2.1 nn) (Table I). Thus, the affinity of jBarr 
and jSarrS for the P-]32AR* is 3-4 times higher than for the 
P-mAChR*, while the affinity of arr3L and arr3S for both 
receptors is comparable. The number of binding sites, deter- 
mined in the presence of 50 fmol of P-jSgAR*, was highest for 
arr3S (17 finol), followed by arr3L (11 fimol), jSarrS (7.1 finol), 
arr (5.5 fimol), and ^arr (4.1 fmol). 

A prominent difference between the binding of visual arres- 
tin and the non-visual arrestins is the substantially greater 
selectivity of visual arrestin for the phosphorylated and acti- 
vated form of the receptor. While p-arrestin and arrestin 3 
preferentially bind to the phosphorylated form of a given re- 



^ We use the term activated to refer to the agonist-occupied receptor 
while non-activated refers to the antagonist-occupied receptor. How- 
ever, this does not necessarily imply that all of the receptors are in a 
completely activated or non-activated conformation. We use the term 
specificity to refer to the ability of a given arrestin to bind to different 
receptors, while the term selectivity refers to the abihty of an arrestin to 
discriminate among the different functional forms of a given receptor. 
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Fig. 1. Interaction of in vitro translated arr, ^-arr, p-arrS, 
arrSL, and arr3S with rhodopsin A- 50 fmol of the various in vitro 
translated arrestins (1068-1205 dpm/finol) were incubated with 7.5 
pmol of the various functional forms of rhodopsin in 50 mM Tris-HCl, 
pH 7.5, 100 mM potassium acetate, 0.5 mM MgClg, 1.5 mM dithiothreitol 
in 50 ii\ for 5 min at 37 "C either in the dark or with illumination (room 
light). The samples were then cooled on ice before separation of bound 
and free arrestins on a 2-ml Sepharose 2B column as described under 
"Experimental Procedures." B, interaction of in vitro translated ar- 
restins with the human m2 mAChR. 50 fmol of the various arrestins 
were incubated with 200 finol of the different functional forms of the m2 
mAChR and either 100 atropine or carbachol in 50 mM Tris-HCI, pH 
7.5, 50 mM potassium acetate, 0.5 mM MgClz, 0.2 mM dithiothreitol in 50 
y\ at 30 °C for 50 min, cooled on ice, and chromatographed as described 
under "Experimental Procedures." The phosphorylation stoichiometry 
of the m2 mAChR used in these studies was 3.7 mol of phosphate/mol of 
m2 mAChR. C, interaction of in vitro trEuislated arrestins with the 
hiiman ^^AR- 50 fmol of the various arrestins were incubated with 200 
finol of the different functional forms of the jS^AR and 100 ^lM alprenolol 
or (-^isoproterenol in 50 mM Tris-HCI, pH 7.5, 50 mM potassium 
acetate, 0.5 mM MgClj in 50 /xl at 30 °C for 35 min, cooled on ice and 
chromatographed as described xinder "Experimental Procedures." The 
phosphorylation stoichiometry of the ^^AR used in these studies was 
2.4 mol of phosphate/mol of jS^AR. The specific binding (mean ± S.D. 
from two to four independent experiments performed in dupUcate) is 
shown. 

ceptor, they appear to be less dependent on the activation state 
of the receptor. To further analyze this phenomenon we studied 
the binding of ^arr and arrSS to the P-mAChR and P-PgAR in 
the presence of either agonist or antagonist. These studies 
revealed that the agonist promotes a 2-3-fold increase in B^^x 
for J3arr and arrSS compared to the antagonist with no appre- 
ciable difference in the (Table I). These results suggest that 
the agonist predominantly alters the number of phosphoryl- 
ated receptors capable of interacting with a given arrestin, 
presumably by converting more receptors to an "active" confor- 
mation. However, it is clear that not all of the receptors are 
active even in the presence of agonist since the is always 



Receptor binding characteristics of wild type arrestins 
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0.33 




0.08 
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1.24 


ArrSS*^ 


0.48 


±0.11 


9.05 ± 


0.66 


0.35 




0.04 


6.38 ± 


0.95 


Arr 


7.20 


± 1.19 


6.96 ± 


0.98 


2.07 
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* Purified human ^aAR was used in these experiments. 

* In the presence of 50 ftnol of respective receptor. 

^ In the presence of 100 /xM antagonist (alprenolol or atropine) in the 
binding assay for human F-^^AR or human P-m2 mAChR, respectively. 

lower than the number of receptor molecules in the assay. The 
differences in may reflect the ability of a given arrestin to 
promote the formation of and/or stabilize an agonist-phospho- 
receptor-arrestin complex, analogous to the agonist-receptor-G 
protein ternary complex (29). 

The relatively low B^^^ observed for arrestin binding (Table 
I) prompted us to search for experimental conditions that fa- 
vored the formation of a high affinity agonist-receptor-arrestin 
complex. To this end we studied the effects of G protein 
subunits on )3arr and arrSS binding. For these studies the 
and m2 mAChR were initially phosphorylated to a stoichiom- 
etry of 3-4 mol/mol in the absence of py subunits. When pxiri- 
fied bovine brain jSy subunits (at a 1:1 ratio with receptor) were 
included in the binding assay^they significantly increased the 
^max of both jSarr and arrSS binding to the P-mAChR* (31 and 
38%, respectively), without effecting the K^. Similar experi- 
ments with the P-jSgAR* revealed that jSy subunits had no effect 
on either the K^j^ or Bmax of jSarr or arrSS binding. Thus, it 
appears that py subxinits do not directly interact with arrestins 
since the effects observed are similar for both )3arr and arrSS 
and are strictly receptor-dependent. Conceivably, jSy subxinits 
are able to bind to the P-m2 mAChR* shifting the eqxaiHbrium 
toward the high-affinity arrestin-phosphoreceptor complex. 

In an attempt to resolve different interactions involved in 
arrestin-receptor binding we compared the salt sensitivity of 
)3arr and arrS binding to P-^gAR, P-jSgAR*, P-mAChR, and 
P-mAChR* (Fig. 2, upper panel). The binding of ^arr and arr3S 
to P-J32AR* is modestly stimxilated at physiological salt concen- 
trations followed by slight inhibition at higher ionic strength. 
This resembles the effects of ionic strength on visual arrestin 
binding to P-Rh* (26), and suggests that both ionic (inhibited by 
salt) and hydrophobic (stimulated by salt) interactions are in- 
volved in jSarr and arrSS binding to the P-)32AR*. Physiological 
salt concentrations also stimulate )3arr and arrSS binding to 
the P-mAChR*, while high salt significantly inhibits binding 
(Fig. 2, upper panel). This again suggests a role for both ionic 
and hydrophobic interactions, although both effects are more 
pronounced compared to the 02^- Thus, the contribution of 
ionic Eind hydrophobic interactions involved in arrestin binding 
appears to be determined in part by the receptor. However, 
these data demonstrate that both )3arr and arrS possess the 
sites necessary for high affinity interaction with either the 
F-jSgAR* or P-mAChR*. Previous studies have demonstrated 
that visual arrestin binding to dark P-Rh is predominantly 
mediated by ionic interactions since it is very sensitive to salt 
inhibition (26). In contrast, when the effect of receptor activa- 
tion was tested on ^arr and arrSS binding to the P-^g^R, no 
appreciable difference in salt sensitivity was observed between 
P-P2AR and P-^^AR* (Fig. 2, upper panel). A similar salt sen- 
sitivity was also observed for ^arr and arrSS binding to the 
P-mAChR* and P-mAChR (Fig. 2, upper panel). These results 
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Fig. 2. Salt effects on )3arr, arrSS, Parr(l-206), and arr3(l-183) 
binding to hamster P-^^AR (circles) and human P-m2 mAChR 
(triangles) in the presence of 100 /iM of the agonists isoprotere- 
nol or carbachol {solid lines) or the antagonists atropine or 
alprenolol {dotted lines). All assay conditions were as in the legend to 
Fig. 1 except for the potassium acetate concentration which varied from 
50 to 500 mM. The nonspecific binding was determined at all salt 
concentrations (it decreased with an increase in salt) and subtracted. 
The specific binding (mean ± S.D. from two to three independent 
experiments performed in duplicate) is shown as the percentage of 
control binding determined at 50 mM potassium acetate. 

suggest that similar interactions mediate the binding of both 
arrestins to the phosphorylated j32AR and m2 mAChR regard- 
less of the activation state of the receptor. This result is in 
agreement with the similar affinities of )3arr and arr3 for the 
phosphorylated and phosphorylated/activated forms of the 
P2AR and m2 mAChR (Table I). 

Truncation Mutagenesis of p-Arrestin and Arrestin 3 — Pre- 
vious structure-function studies have suggested that there are 
at least four functional domains within the visual arrestin 
molecule (25, 26). These four domains include an N-terminal 
regulatory region; an N-terminal binding domain containing 
activation- and phosphorylation-recognition sites (residues 
1-191); a C-terminal binding domain that interacts only when 
the activation- and phosphorylation-recognition sites are 
engaged (residues 191-365); and a C-terminal regulatory 
region that maintains the overall conformation of arrestin, 
possibly via direct interaction with the N-terminal regulatory 
region (27). 

In order to initially probe the structiiral domains involved in 
jSarr and arr3 interaction with G protein-coupled receptors, we 
utihzed truncation mutagenesis, an approach previously used 
to study visual arrestin interaction with rhodopsin (25, 26). The 
truncated proteins produced in this study were )3arr( 1-367) 
and arr3S( 1-375), which lack the putative regulatory C-termi- 
nal region (--40 amino acids) identified in arr (24-26), and 
Parr(l-217), parr(l-206), and arr3(l-183), which lack the C- 
terminal half of the molecule. Previously we demonstrated that 
similarly truncated arr( 1-191) largely retains its phosphoryl- 
ation- and activation-recognition sites, two primary regions 
involved in arr interaction with rhodopsin (25, 26, 30). 

Deletion of the C terminus of ^arr to produce )3arr( 1-367) 
increases binding to all functional forms of rhodopsin, the m2 
mAChR, and the jSgAR, with the predominant effect observed 
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Fig. 3. Interaction of fuU-length and truncated arrestins with 
rhodopsin (A), human m2 mAChR (B), and hamster (C). 50 

fmol of jSarr, i3arr(l-367), i3arr(l-217). i3arr(l-206), arrSS, arr3{l-375), 
or arr3(l-183) (1006-1485 dprn/finaol) were incubated with receptor and 
then treated as described under "Experimental Procedures.'* The spe- 
cific binding (mean ± S.D. from two to four independent experiments 
performed in dupUcate) is shown. 

on the phosphorylated and the activated forms of the receptor 
(Fig. 3). The analogous deletion in arrSS to generate arrSSd- 
375) modestly increases binding to the activated form of the 
various receptors while decreasing binding to the phosphoryl- 
ated/activated receptors. Thus, a major effect of C-terminal 
truncation of jSarr and arr3S is to reduce the selectivity of the 
arrestin for the phosphorylate(3/activated form of the receptor. 
These resiolts are very similar to the effects of C-terminal 
truncation of arr (25, 26), suggesting that the C terminus of 
jSarr, arrSS, and arr plays a similar functional role. 

The deletion of the entire C-terminal half of jSarr and arr3S 
substantially decreases the binding to rhodopsin and the jBjAR, 
while increasing the binding to the m2 mAChR (Fig. 3). In 
general, the interaction of ^arr(l-217), parr(l-206), and 
arr3( 1-183) with all three receptors demonstrate a imiformly 
lower selectivity compared to the wild t3rpe arrestins. However, 
it is noteworthy that for interaction with rhodopsin and the ni2 
mAChR, it is the activation-recognition of the truncated parr 
and arr3 that is predominantly impaired, while for interaction 
with the the phosphorylation-recognition that is 

primarily impaired. 

The deletion of the C-terminal -40 residues (/3arr(l-367) 
and arr3S( 1-375)) appears to decrease the affinity of /3arr and 
arr3S for binding to hiiman P-mAChR* and hamster F-^gAR* 
(Table II). Since this region is Ukely not involved directly in 
receptor interaction (24-26), these data underscore the impor- 
tance of this domain in keeping the proper functional confor- 
mation of jSarr and arr3S. The deletion of the entire C-terminal 
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° Purified hamster ^gAR was used in these experiments. 
^ In the presence of 50 fmol of respective receptor. 
* Values are from Table I. 

half (0arr(l-217), j3arr(l-206), and arr3(l-183)) further im- 
pairs the affinity of both ^arr and arr3 for P-mAChR* and 
P-jSgAR* (Table II). In contrast, the effect of C-terminal trun- 
cations of ^arr and arr3S on the for binding to P-mAChR* 
and P-)32AR* is dramatically different between the receptors. 
Truncations of ^arr modestly increase the for the P-)32AR* 
while truncations of arrSS significantly decrease the B^^ 
(Table II). By comparison, all of the C-terminal tnmcations of 
jSarr dramatically increase the B^^ for the P-miAChR* while 
only arr3( 1-183) was affected in a similar manner. It is note- 
worthy that the B^^ for 4 out of the 5 truncated arrestins was 
increased to 70-90% of the level of P-mAChR* present in the 
assay (Table II). This demonstrates that most, if not all, of the 
receptors are accessible for binding arrestins and suggests that 
xmavailability of receptors is not the reason for the relatively 
low Bjnax measured for full-length parr and arr3 (Tables I 
and II). 

In order to compare the interactions involved in the binding 
of truncated arrestins to phosphorylated receptors in the pres- 
ence of agonists and antagonists, we studied the salt sensitivity 
of i3arr( 1-206) and arr3(l-183) binding to P-jSgAR and 
P-mAChR (Fig. 2, lower panel). In contrast to the binding of the 
corresponding full-length arrestins, the binding of j3arr( 1-206) 
and arr3(l-183) to the P-jSgAR* is not stimulated by salt, sug- 
gesting that a substantial portion of the hydrophobic interac- 
tion observed with jSarr and arr3S is contributed by the C- 
terminal domain. In contrast, physiological salt concentrations 
stimulate the binding of both parr(l-206) and arr3(l-183) to 
the P-mAChR* suggesting that the N-terminal domain signif- 
icantly contributes to the hydrophobic interaction. Thus, the 
contribution of ionic and hydrophobic interactions involved in 
full-length and truncated arrestin binding appears to be deter- 
mined in part by the receptor. 

In contrast to arr-rhodopsin interactions (26), the salt sensi- 
tivity for Parr, arrSS, Parr(l-206), and arr3(l-183) binding to 
the activated or non-activated P-jSgAR and P-mAChR were 
found to be very similar (Fig. 2). These results suggest that 
similar interactions mediate the binding of all arrestins to the 
phosphorylated P2AR and m2 mAChR regardless of the activa- 
tion state of the receptor. 

Structure-Function Analysis Using Arr/f^Arr Chimeras — 
Truncation mutagenesis of arr, j3arr, and arr3 suggests that 
the locsdization of the major functional domains in all surestins 
is similar. In an attempt to farther elucidate the role of these 
various domains in arrestin function, we generated a series of 
12 chimeric arrestins that were roughly divided into the four 
functional regions of arr and parr (Fig. 4, left panel). The 
chimeras are designated using a four-letter description of their 
structure, where each letter describes the origin of the four 
respective regions in the chimeric moleciile (A stands for arr, B 
for )3arr). For example, the chimera ABBB contains the N- 
terminal regulatory region of arr and the N- and C-terminal 



Arrestin 



p-mAunR" 



K-P2AK" 



parr 
arr 

BBBA 
AAAB 

ABBB 
BAAA 

ABBA 
BAAB 



BBAB 
AABA 




Kd, 
nM 


Bmax, 
fmol 


Kd, 
nM 


Bmax, 
fnrK3l 


0.4d±0.09 


16.27±1.62 


0.14±0.04 


4.08±0.26 


7.20±1.19 


6.96±0.98 


2.07±0.08 


5.48±1 ,08 


0.51±0.19 


19.01 ±1.55 


b.12±0.03 


6.31±0.64 


12.20+2.10 


7.63±1.52 


ND 


ND 


1.13±0.26 


14.46±1.29 


1.57+0.14 


33.30±2.44 


7.78+1.57 


10.04+1.41 


ND 


ND 


0.47±0.05 


7.76±0.61 


0.38+0.06 


11.04±0.94 


6.25±1.47 


4.95±0.85 


ND 


ND 


1,38±0.26 


5.09±0.41 


ND 


ND 


2.11+0.09 


6.56+1.17 


ND 


ND 


3.10±0.81 


2.28+0.32 


ND 


ND 


1.25+0.29 


4.28±0.49 


ND 


ND 


2,93+0.46 


7.06+0.71 


ND 


ND 


3.07±0.42 


7.54±1.45 


ND 


ND 



Fig. 4. Structure and binding of chimeric arrestins to human P-mAChR* and P-ZS^AR'. The portion of the chimera derived from ^arr is 
shaded in the schematic. The four structural elements of the chimeric arrestins are: 1) N-terminal region: residues 1-47 of arr or 1-43 of ^arr (49% 
identity, 64% similarity); 2) N-terminal binding domain: residues 48-213 of arr or 44-207 of ^arr (60%, 74%); 3) C-terminal binding domain: 
residues 214-345 of arr or 208-340 of ^arr (60%, 77%); 4) regulatory C-terminal region: residues 346-404 of arr or 341-418 of jSarr (32%, 39%). 
The average and B^^ from two to three experiments (± S.D.) is presented. ND, not determined. 



binding and C-terminal regulatory regions of ^arr. 

We initially assessed chimera binding to rhodopsin. Analysis 
of wild type arrestin demonstrates a relatively low level of ^arr 
binding to P-Rh* compared to arr. jSArr also does not discrim- 
inate between Rh* and Rh (as compared to a 3-4-fold discrim- 
ination for £irr). Moreover, jSarr binds with low (--2-fold) selec- 
tivity for P-Rh* versus P-Rh (in contrast to an "-14-fold 
difference for arr). When chimeras that varied in their C- 
terminal regulatory region were compared, the only chimera 
virtuEilly indistinguishable from arr was AAAB, which has the 
C-terminal regulatory region of ^arr (Fig. 5A). These data 
further corroborate the hypothesis that this region is not di- 
rectly involved in rhodopsin interaction (24-27) and demon- 
strate that the jSarr C terminus is capable of fulfilling the 
functions of its arr counterpart. Chimera BBBA was also found 
to be very similar to ^arr, although its binding to P-Rh and 
P-Rh* is somewhat higher. Both chimeras were found to bind to 
Rh* better than to Rh, while the P-Rh*/P-Rh binding ratio is 
jSarr-like (2.3) for BBBA and arr-like (14.4) for AAAB. 

The substitution of the N-terminal regulatory region of )3arr 
into arr to generate the chimera BAAA significantly decreases 
binding to P-Rh* (compared to arr binding), but does not impair 
the preference for Rh* over Rh or the P-Rh*/P-Rh binding ratio 
(14.2). The symmetric substitution in jSarr to generate the 
chimera ABBB substantially improves its binding to P-Rh* 
(compared to )3arr) while the P-Rh*/P-Rh binding ratio remains 
|3arr-like (1.5). Simultaneous exchange of both the N- and C- 
terminal regulatory regions yields the chimeras ABBA and 
BAAB which have comparable binding to P-Rh* (-50% of the 



arr binding level). The P-Rh*/P-Rh binding ratios of these chi- 
meras appear to be determined by the origin of the central 
binding domains, being ^arr-Hke (2.7) for ABBA and arr-like 
(15.2) for BAAB. These data suggest that while the N-terminal 
region has some direct participation in rhodopsin binding, the 
middle portion of the molecule determines the overall binding 
characteristics of the chimera. 

We also constructed a series of 6 chimeras containing two 
central binding domains of different origin. The first pair of 
these (BBAA and AABB) demonstrates virtually no preference 
between Rh* and Rh and have P-Rh*/P-Rh binding ratios of 4.4 
and 4.9, respectively (i.e. intermediate between jSarr and arr). 
While the binding of AABB to P-Rh* is -70% that of arr, BBAA 
binding to P-Rh* is only —25% that of arr and is even lower 
than jSarr binding. The chimeras ABAA and BABB demon- 
strate P-Rh*/P-Rh binding ratios of 5.6 and 5.5; however, their 
binding to P-Rh* was reduced compared to the binding of BBAA 
and AABB. Chimera AABA has a P-Rh*/P-Rh binding ratio of 
3.7 while the symmetric chimefra BBAB binds very poorly to 
P-Rh* and demonstrates no preference for P-Rh* over P-Rh. 
Thus, most of the chimeras that contain one binding domain 
from )3arr and one from arr demonstrate a binding selectivity 
between that of jSarr (-2-fold) and arr (-14-fold). The three 
chimeras with the structure XBAX (where X can be either A or 
B) demonstrate an unexpectedly low binding to P-Rh (i.e. even 
lower than the corresponding arrestins with the structure 
XBBX) (compare BBAA with BBBA). In contrast, in all other 
chimeras a change from XXEX to XXAX enhances binding to 
P-Rh* as might be expected (compare AABB with AAAB). 



Fig. 5. The binding of 0-arr, arr, 
and 12 chimeric arrestins to rhodop- 
sin (A), human ni2 mAChR (B), and 
human ^^^^ ^-^^ respec- 

tive [^Hlarrestins (953-1177 dpm/ftnol) 
were incubated with phosphorylated, 
phosphorylated activated, unphosphoryl- 
ated, and unphosphorylated activated 
forms of the indicated receptors as de- 
scribed under "Experimental Proce- 
dures." The specific binding (mean ± S.D. 
from two to four independent experiments 
performed in duplicate) is shown. 
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When chimera binding to the m2 mAChR is compared, the 
most noticeable difference between /3arr and arr is the ex- 
tremely low level of arr binding to P-mAChR* (Fig, 5B). This is 
reflected in both a higher affinity of ^arr for P-mAChR* {K^ = 
0.48 nM) compared to arr (K^ - 7.2 dm) and a higher B^^^ for 
^arr (16.3 fmol) compared to arr (7.0 fmol) (Fig. 4). However, 
while the levels of jSarr and arr binding to the m2 mAChR are 
very different, the selectivity of the binding (P-mAChR*/P- 
mAChR ratio) is similar. Substitution of the arr C terminus 
into )3arr (BBBA) increases binding to all forms of the m2 
mAChR without significantly affecting the affinity, while sub- 
stitution of the N terminus (ABBB) has minimal effect on the 
binding but decreases the affinity "-2.4-fold (Figs. 4 and 5S). 
When both the N- and C-terminal regulatory domains are 
changed (ABBA) the binding is decreased —2-fold without a 
change in affinity. The symmetric series of substitutions in arr 
(AAAB, BAAA, and BAAB) do not significantly improve arr 
binding to the m2 mAChR and AAAB actually binds with an 
affinity —1.7-fold lower than that of arr. Overall, substitutions 
of either the C- or N-terminal regulatory regions lead to modest 
changes (< 2-fold) in affinities and for binding to the 

P-mAChR*. 

Chimeras BBAA and AABB demonstrate comparable bind- 
ing to P-mAChR* (between that of )3arr and arr), with BBAA 
being more selective than AABB (Fig. 5B). BBAA also has a 
modestly higher affinity for the P-mAChR* compared to AABB 
(Z'rf = 1.38 versus 2.11 nM, respectively) (Fig. 4). Chimera 
BABB is similar to BBAA in terms of selectivity profile and 
affinity {K^ = 1.25 nM) even though these proteins have the 
opposite binding domain combinations (Figs. 4 and 5B). In 
contrast, chimera ABAA, which has the same combination of 
binding domains as BBAA, demonstrates very poor selectivity, 
a low affinity {K^ = 3.1 nM) and a low B^^ (2.3 fmol). Thus, the 
structiu*e XBAX is as unfavorable for binding to the m2 
mAChR as it is for binding to rhodopsin. The binding of chi- 
mera BBAB to the P-mAChR* most resembles the binding 
profile of BBAA although the affinity of BBAB is -2-fold lower. 
While the chimera AABA most resembles AABB structuraDy, 
the B^ax of AABA is significantly increased over that of AABB 
although there is a modest reduction in affinity (Fig. 4). Inter- 



estingly, AABA demonstrates almost as poor a discrimination 
between P-mAChR* and P-mAChR as did the symmetric chi- 
mera BBAB between P-Rh' and P-Rh (Fig. 5, A and B). Thus, 
both central binding domains play an important role in arrestin 
interaction with the m2 mAChR, in agreement with the rho- 
dopsin binding studies. 

In general, the binding of jSarr and arr to the P-^2^* ^^^st 
resembles the P-mAChR* binding profiles (Fig. 5). This is seen 
in both the selectivity profile (P-j32AR*/P-)32AR binding ratio of 
-2) and the -15-fold higher affinity of /3arr {K^ = 0.14 nM) 
compared to arr {K^ = 2.1 rm) (Fig. 4). However, in contrast to 
the m2 AChR binding studies, the B^^ for arr and jSarr bind- 
ing to the P-pjAR* are similar (Fig. 4). The chimeric arrestin 
studies demonstrate that substitution of the C terminus of jSarr 
(BBBA) again modestly increases the Bj^ax without changing 
the affinity (K^ = 0.12 um) (Figs. 4 and 5C). Substitution of the 
arr C terminus (AAAB), N terminus (BAAA), or both (BAAB) 
again does not improve the binding to the 5^)- 
However, substitution of the arr N terminus into jSarr (ABBB) 
dramatically reduces the affinity (—11-fold) and increases the 
^max (-8-fold) compared to Parr (Fig. 4). Substitution of both 
the N and C terminus of arr into jSarr (ABBA) has a less 
dramatic reduction in affinity (—3-fold) and increase in Bj^ax 
(—3-fold) (Fig. 4). These results suggest that the N terminus 
plays a direct role in parr interaction with the P2AR. An exam- 
ination of the central binding domains reveals that, as ex- 
pected, chimeras containing both /3arr-derived binding do- 
mains bind better to the P-p2^* as compared to chimeras 
containing a combination of parr- and arr-derived binding do- 
mains (Fig. 5C). The structural pattern XBAX appears to be 
even less favorable for binding to the P2AR than it was for 
rhodopsin and the m2 mAChR, since BBAA, ABAA, and BBAB 
all demonstrate lower binding to the )32AR than the corre- 
sponding symmetric chimeras AABB, BABB, and AABA. 

In an attempt to more directly assess the role of the N- 
terminal half of arr and /3arr in receptor interaction, we com- 
pared the binding of truncated arr( 1-191), /3arr(l-217), 
ABBB(1-221), and BAAA(1-187) (Fig. 6). In contrast to the 
corresponding full-length proteins (Fig. 5A), there is no dra- 
matic difference between the ability of arr(l-191), )3arr( 1-217) 
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Fig. 6. Truncated arr, ^arr, and chimeric arrestin interaction 
with receptors. 50 finol of the indicated truncated arrestins were 
incubated with the indicated functional form of rhodopsin (A), human 
m2 mAChR (B), or human ^gAR (O, as described under "Experimental 
Procedures." The specific binding (mean ± S.D. from two to three 
independent experiments performed in dupUcate) is shown. 

and the truncated chimeras to bind to rhodopsin, although the 
chimeras appear to have a reduced preference for the phospho- 
rylation state of the receptor (Fig. 6A). However, the binding 
levels of all truncated arrestins are lower than that of the 
corresponding full-length proteins (compare Figs. 5A and 6A), 
underscoring the important role of the C-terminal binding do- 
main. Binding of the trtmcated arrestins to the m2 mAChR 
reveals that only ^arK 1-217) demonstrates high binding and 
selectivity, while ABBB(1-221) and BAAA(1-187) do not sig- 
nificantly differ from arr(l-191). These data suggest that both 
the N terminus and N-terminal binding domain are required 
for high affinity interaction with the P-mAChR*. ABBB binding 
to the P-mAChR* is not significantly different from Parr (Fig. 
5B), again underscoring the important role of the C-terminal 
binding domain. The binding of all four truncated proteins to 
the jSgAR is also surprisingly similar (Fig. 6C), unlike the 
binding of the full-length proteins (Fig. 5C). The selectivity 
profiles of both truncated chimeras resemble that of )3arr(l- 
217), while arr(l-191) is less selective. Interestingly, while the 
binding of )3arr(l-217) and ABBB(1-221) to the P-^^AR* is 
lower than that of the full-length proteins, the binding of arr(l- 
191) and BAAA(1-187) is comparable to the full-length pro- 
teins (compare Figs. 5C and 6C). This suggests that the C- 
terminal binding domains of arrestin and BAAA do not 
significantly interact with the p2^' general, both truncated 
chimeras and arr( 1-191) demonstrate a greater specificity for 
rhodopsin and the jSgAR compared to the ni2 mAChR. This may 
correlate with the localization of the relevant phosphorylation 



sites m xnese receptors ana suggests tnat tne specincuy ot wiia 
type and chimeric arrestins is determined to a large extent by 
the C-terminal binding domain. 

DISCUSSION 

Rhodopsin, /32AR, and m2 mAChR represent three distinct 
subfamilies of G protein-coupled receptors. Rhodopsin via its 
specific light-promoted interaction with the G protein transdu- 
cin activates cGMP phosphodiesterase, the via interac- 

tion with Gg activates adenylyl cyclase, and the m2 mAChR via 
its association with G^ inhibits adenylyl cyclase and activates 
K"^ channels. There are also distinct structural differences 
among these receptors (reviewed in Ref. 31) that hkely play a 
role in arrestin binding. One distinction is the localization of 
relevant phosphorylation sites on the receptors. Another sig- 
nificant difference is the size and amino acid sequence of the 
third cytoplasmic loop and C-terminal domains. These domains 
have previously been implicated in receptor interaction with G 
proteins (32-38), G protein-coupled receptor kinases (39-44), 
and more recently in visual arrestin interaction with rhodopsin 
(30). Rhodopsin has a relatively short third cytoplasmic loop 
(29 residues) and a C terminus (39 residues) that contains all of 
the rhodopsin kinase phosphorylation sites. The third cytoplas- 
mic loop of the j32AR is intermediate in size (54 residues) and 
most (if not all) of the jSARK phosphorylation sites are localized 
in the C terminus (84 residues). In contrast, the third cytoplas- 
mic loop of the m2 mAChR is much longer (181 residues) and it 
is this loop, rather than the short C terminus (23 residues), 
that appears to contain all of the )3ARK phosphorylation sites 
(45). 

Receptor Specificity of Arrestins 

Arrestin was found to bind very specifically to phosphoryl- 
ated/light-activated rhodopsin, with only weak binding to P- 
mAChR* and P-jSgAR* (Fig. 1). Interestingly, the affinity of 
arrestin for P-^gAR* {K^ = 2.1 nM) is about 3.5-fold higher than 
its affinity for P-mAChR* (K^ = 7.2 nM), which correlates with 
the structural similarities between the jSgAR and rhodopsin. 
Both ^-arrestin and arrestin 3 demonstrate very high affinities 
for the ^gAR and m2 mAChR (0.14-0.51 nM). However, p- 
arrestin has a 3-4-fold higher affinity for the P-jSgAR* versus 
the P-mAChR* suggesting that )3-arrestin may be more specific 
for the i32AR and other structurally related receptors. Arrestin 
3 has a similar affinity for P-mAChR* and P-^gAR* (0.33-0.38 
nM) suggesting that arrestin 3 may be less specialized than 
arrestin and jS-arrestin, perhaps serving as a generic arrestin 
in some non-visual cells. The most striking specificity observed 
is that of arr toward P-Rh*. This suggests that there are certain 
features shared by the ^2 mAChR that preclude 

high affinity binding of visual arrestin. Since the cytoplasmic 
domains of both the jSgAR and m2 mAChR are substantially 
buJkier than the corresponding domains of rhodopsin, perhaps 
the receptor-binding pocket of visual arrestin is too small for 
the jSgAR and m2 mAChR. This hypothesis is further corrobo- 
rated by the characteristics of arr/)3arr chimeras (Figs. 4 and 5). 
Both the size of crucial arrestin binding cytoplasmic domains 
and the localization of relevant phosphorylation sites may also 
determine the relative specificity of /3-arrestin toward the 
)32AR, while arrestin 3 appears to be less sensitive to structural 
differences between receptors. In these studies we did not 
detect any striking functional differences between the variant 
forms of jS- arrestin or arrestin 3, although both jSarrS and 
arr3S appear to bind to a higher percentage of the P-)32AR* 
compared to the longer polypeptide forms (Fig. 1, Table I). 



Receptor Phosphorylation Levels Required for High- 
affinity Arrestin Binding 

Receptor phosphorylation appears to be a prerequisite for 
arrestin interaction. Previous studies have demonstrated that 
only 2 mol of phosphate/mol of receptor are critical for high 
affinity arrestin binding to rhodopsin (26), the m2 mAChR (24), 
and the ^2^^^ (this study). Interestingly, 2 residues (serines 
338 and 343) were recently identified as the major rhodopsin 
kinase phosphorylation sites in the rhodopsin C terminus (46). 
These, data suggest that there may well be only a few basic 
residues within the phosphorylation-recognition domain of the 
arrestins that are involved in phosphoamino acid interaction. 
The extensive additional receptor phosphorylation demon- 
strated in vitro (each of these receptors can be phosphorylated 
by their respective receptor kinases to stoichiometries of 8-12 
mol/mol) might conceivably serve as a backup mechanism in 
vivo to directly impair receptor/G protein coupling. 

The Role of Arrestin Functional Regions in Receptor 
Interaction 

The general molecular architecture of ^arr and arr3 appears 
to be similar to that of arr (Figs. 2 and 3, Table I). Thus, the 
construction and characterization of chimeric arrestins served 
as a feasible approach to further elucidating the regions in- 
volved in determining receptor specificity. Moreover, the large 
number of chimeric arrestins studied enabled an assessment of 
the role of each individual region by comparison of the binding 
of several pairs of chimeras that differed only in a particular 
region. 

Regulatory C-terminal Region— There are 5 pairs of chime- 
ras that result from a substitution of this region of parr into arr 
(arr to AAAB, BBAA to BBAB, BAAA to BAAB, ABBA to 
ABBB, and BBBA to ^arr). The effects of this substitution do 
not appear to follow any particular pattern since this change 
can lead to a decrease (BBAA/BBAB and BBBA/^arr), an in- 
crease (ABBA/ABBB), or no change (arr/AAAB and BAAA/ 
BAAB) in binding to P-Rh* (Figs. 4 and 5). The P-Rh*/P-Rh 
binding ratio also either does not change (arr/AAAB, BBBA/ 
|3arr, and BAAA/BAAB) or decreases (ABBA/ABBB and BBAA/ 
BBAB). Similar non-discriminate differences in the binding 
patterns, affinities, and B^^ of these chimeras for the P- 
mAChR* and P-PgAR* are also observed. Thus, the effect of 
substitution of this region appears to be determined by the 
combination of the other functional domains, suggesting that 
the C-terminal regulatory region does not directly participate 
in receptor interaction. However, the C-terminal region clearly 
plays an important role in arrestin binding since partial dele- 
tion of this region dramatically changes the functional charac- 
teristics of both arr (25, 26) and ^arr (Fig. 3, Table II). More- 
over, the similar binding of ^arr and BBBA on the one hand, 
and arr and AAAB on the other, suggests that the C terminus 
of parr is capable of fulfilling the functions of its arr counter- 
part and vice versa. While the C terminxis is the most divergent 
region in the arrestins (5, 7-12), these results suggest that the 
majority of the functionally important residues in this region 
are conserved between arr and jSarr. 

Regulatory N-terminal Region— There are also 5 pairs of 
chimeras that differ only in the origin of this region (arr to 
BAAA, AABB to BABB, ABAA to BBAA, ABBA to BBBA, and 
ABBB to jSarr). Comparison of these chimeras reveals^a more 
uniform pattern of changes. While binding to P-Rh* either 
decreases (arr/BAAA, AABB/BABB, and ABBB/^arr) or 
sUghtly increases (ABBA/BBBA and ABAA/BBAA), no changes 
in the P-Rh*/P-Rh and Rh*/Rh binding ratios are observed (Fig. 
5A). Binding to the P-mAChR* either does not change (AABB/ 
BABB and ABBB/^arr) or increases (arr/BAAA, ABAA/BBAA, 



and ABBA/BBBA) due to an increased affmity and/or B^^^ 
(Figs. 4 and 55). While the affinity for P-PaAR* increases for 
ABBA/BBBA and ABBB/^arr, theB^^^ decreases such that the 
binding at a fixed concentration (1 nM) also decreases or re- 
mains the same (ABAA/BBAA) (Figs. 4 and 5C). Although this 
pattern suggests that the N terminus is not a major direct 
participant in receptor binding, it appears to play some role in 
arrestin-receptor interaction. 

N-terminal Binding Domain—Five pairs of chimeras differ 
only in the origin of this region (arr to ABAA, BAAA to BBAA, 
AABA to ABBA, BAAB to BBAB, and BABB to ^arr). The 
functional consequences of this substitution are remarkably 
similar in all cases with decreased binding to P-Rh*, decreased 
P-Rh*/P-Rh and Rh'/Rh binding ratios, and increased binding 
to both P-mAChR* and P-PgAR* due to an increased affinity 
(Figs. 4 and 5). However, no consistent effect of the origin of 
this region on the B^^ was observed. Nevertheless, these 
results are consistent with this region being one of the most 
important domains of both arr and jSarr involved in receptor 
interaction. 

C-terminal Binding Domain— The effects of the substitution 
of this domain can also be analyzed using 5 pairs of chimeric 
arrestins (arr to AABA, BBAA to BBBA, ABAA to ABBA, 
BAAB to BABB, and BBAB to ^arr). This change results in 
either no change in the binding (BAAB/BABB), decreased bind- 
ing (arr/AABA), or increased binding (BBAA/BBBA, ABAA/ 
ABBA, and BBAB/^arr) to P-Rh*. It should be noted that the 
increased binding occurs only when the first chimera has an 
apparently unfavorable ^AX structure. In contrast, other 
functional consequences are exceptionally imiform. 

Intramolecular Interactions in Arrestins— The proposed mul- 
tistep mechanism of arr interaction with rhodopsin (26, 27), 
which involves the mobilization of an additional binding site in 
response to the simultaneous occupancy of the phosphoryla- 
tion- and activation-recognition sites, suggests the participa- 
tion of intramolecular interactions in arrestin. Based on com- 
parisons of the effects of C- and N-terminal deletions in arr (26) 
and the analysis of polyanion inhibition of arrestin-rhodopsin 
interaction (27), we previously proposed that the regulatory C 
terminus interacts with the basic N-terminal region of arr 
(residues 1-29). Thus, one might expect that the functional 
effect of the substitution of either of these regions would de- 
pend on whether a "matching" (i.e. from the same arrestin) pair 
of these regions is created or destroyed. When chimeras with N- 
and C-terminal substitutions are analyzed from this perspec- 
tive, in all but one case where the substitution destroys the 
match the binding to P-Rh* increases, while substitutions cre- 
ating the match decrease binding. Similarly, matched N and C 
termini decrease the B^^ while mismatched termini increase 
the S^ax for binding to the P-mAChR* and P-^gAR*- These 
results are consistent with an interaction between the N- and C 
termini controlling the chimeras transition from a "low" to a 
"high" affinity binding conformation, as previously proposed for 
visual arrestin (26, 27). 

The low level of binding of all XBAX chimeras suggests that 
it is this particular structure per se, rather than the origin of 
the binding domains, that makes these arrestins bind poorly. 
In fact, all XBAX chimeras have even lower binding than 
^arr( 1-217), which lacks the C-tenninal half of the molecule 
(Figs. 3-5, Table II). This demonstrates that the C-terminal 
binding domain in XBAX not only does not contribute to the 
binding, but actually seems to inhibit receptor interaction. 
These results suggest that there may be an obligatory interac- 
tion between the N- and C-terminal binding domains in arres- 
tin, which is dramatically impaired in chimeras with the XBAX 
structure but not impaired in XABX chimeras. The reason for 
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Fig. 7. Molecular architecture of arrestins. The putative major 
functional regions in the arrestins are shown with different fill patterns 
and are designated as follows: R2y N-tenninal regulatory region (25-29 
residues); R2, C-terminal regulatory region (60-80 residues); A. acti- 
vation-recognition region; P, phosphorylation-recognition region (resi- 
dues 163-182 in arr, residues 157-177 in ^arr and arr3); S, region 
containing secondary binding site(s) (equivalent to the hydrophobic 
booster site in visual arrestin (26)). Arrowheads above show the borders 
between regions used in the chimera constructions (residue numbers 
are indicated in the legend to Fig. 4). Arrowheads below show the 
position where differences between polypeptide forms of arr (I and II), 
^arr (I), and arrS (III) were found. See text for details. 

this apparent lack of s3T3iinetry may be that a portion of one 
binding domain (the key) must fit into a pocket in the other 
binding domain (the keyhole). In this scenario a "small key/big 
keyhole" mismatch is less detrimental for interaction than a 
"big key/small keyhole" mismatch. 

Molecular Architecture of Arrestins 

The results of previous structure-function studies of arr (24- 
27, 30) and ^arr (24, 27), the data on truncated and chimeric 
arrestins presented in this study (Figs. 3-6, Table II), and the 
comparison of the primary structures of the arrestins enables 
identification of the major functional elements within the ar- 
restin moleciale (Fig. 7). The very N-terminal region of 25-29 
amino acids (Rl) of aH arrestins is highly positively charged 
(+8 in arr, +6 in jSarr and arrS), and is most likely involved in 
interaction with the highly negatively charged C-terminal do- 
main (R2). The next region of --130 residues contains a domain 
involved in recognition of the activation state of the receptor 
(activation-recognition) (A). This appears to involve a multisite 
interaction between the arrestin and receptor that at least in 
the case of arr binding to P-Rh* and Rh* involves the first and 
third cytoplasmic loops of the receptor (30). The next segment 
of aU arrestins contains a positively charged stretch of -20 
residues (net charge of +8 in arr and +7 in ^arr and arrS) that 
appears to serve as a major phosphorylation-recognition site 
(P). The next 10-30-residue segment in visual arrestin may 
also participate in activation-recognition (A) (26). The next 120 
to 150 residue stretch on the C-terminal half of the molecxile 
contEtins secondary binding sites (S) that are involved in recep- 
tor interaction in response to the occupancy of the primary 
phosphorylation- and activation-recognition binding sites. The 
C-terminal 60-85 residues serve as a regulatory region (R2) 
which appears to take part in intramolecular interaction with 
the N terminus (Rl). This interaction serves to maintain the 
overall conformation of the arrestin molecule and controls its 
transition into the high-affinity binding state. Interestingly, 
the polypeptide variants that have been identified for arr, jSarr, 
and arr3 are within the C-terminal regulatory region. These 
variants might be expected to differ primarily in their sensi- 
tivity to regulatory effects (such as potential interaction with 
non-receptor proteins, phosphorylation, or other post-transla- 
tional modifications). 

The Mechanism of Arrestin-Receptor Interaction 

Our proposed kinetic model of non-visual arrestin interac- 
tion with receptors is based on several experimental findings 
(Fig. 8). These include the finding that: 1) wild type non-visual 
arrestins demonstrate very low binding to unphosphorylated 
receptors (Fig. 1); 2) the binding of arrestins to phosphorylated 
receptors is activation-dependent (Figs. 1, 3, 5, and 6); 3) the 
interactions involved in arrestin binding to phosphorylated and 
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Fig. 8. a, general model of arrestin-phosphoreceptor interaction in 
the presence of agonist (L). Wild type non-visual arrestin (A) binds to 
receptor-agonist complex (RL) in which phosphoreceptor (R) is in the 
basal (RL) or activated (RL) conformation, to form ARL or ARL. Arres- 
tin can then undergo a transition into its high-affinity binding confor- 
mation (A), giving rise to ARL and ARL. complexes. While all foxir 
arrestin-phosphoreceptor-agonist complexes are at equilibrium, the 
ARL complex has considerably higher affinity for arrestin and therefore 
represents the experimentally measured B^^. 6, C-terminal truncated 
arrestin binding to receptor. C-terminally truncated arrestins such as 
^arr( 1-367) and arr3( 1-375) more readily assiome the high-affinity 
binding conformation (A) effectively eliminating one of the limiting 
steps leading to ARL complex formation, c, binding of arrestins lacking 
their secondary binding sites. Arrestins lacking the C-terminal half of 
the molecule such as 0arr(l-217), jSarr(l-206), and arr3(l-183) also 
lack the secondary binding sites mobilized during the A ^ A transition. 
d, arrestin binding to receptor in the presence of antagonist (N). The 
same model for full-length arrestin binding in the presence of an an- 
tagonist (N), which does not induce receptor activation. In this case the 
ARN complex can be formed only via ARN due to the ability of non- 
visual arrestins to assume a high-aflinity binding conformation (A) 
while interacting with non-activated receptors (R). The resulting per- 
centage of receptors in an ARN complex (B^^x) would be lower than an 
ARL complex. See text for details. 

phosphorylated-activated receptors are the same (no change in 
affinity or salt sensitivity) (Fig. 2 and Table I); 4) the S^,^ for 
^arr and arrS binding to a given receptor is different and is 
always lower than the number of receptors available (Table I, 
Fig. 4, Ref. 24); 5) abolition of the strict control of arrestin 
binding by mutagenesis increases the Bj^^^ (Table II, Figs, 3 
and 4); 6) receptor transition into an active state involves its 
'conformational rearrangement (48-50); and 7) high-affinity 
arrestin binding to phosphorylated-activated receptors 
requires a conformational transition in the arrestin molecule 
(26, 47). 

In the presence of agonist there is an equilibrium between 
free receptor (R) (here and below the receptor is presumed to be 
phosphorylated since this is a prerequisite for high affinity 
arrestin binding), free agonist (L), receptor-agonist complex 
(RL), and active receptor-agonist complex (RL). While a high 
concentration of agonist converts virtually all receptors into 



RL, the number oi'UL complexes depends on tne equinonum 
between RL and RL. Conceivably, arrestin (A) can bind to both 
forms of the receptor forming either an ARL or ARL complex. 
Bound arrestin then undergoes a conformational transition 
from a low to a high affinity state (A A) giving rise to ARL 
and ARL complexes, which are again at equilibrium. The linear 
Scatchard plots obtained for the binding of all arrestins to the 
jSgAR and m2 mAChR indicate that one of these 4 arrestin- 
receptor-agonist complexes has a significantly higher affinity 
than the others. Therefore it is the formation of this particular 
complex, which is most Hkely AIRL, that we are measuring. By 
increasing the arrestin concentration we can drive all of the 
receptor-agonist complexes to bind arrestin, however, the ac- 
tual nimiber of ARL complexes (the experimental B^^) still 
depends on the equilibrium between ARL, ARL, ARL, and ARL 
(Fig. 8). The RL to RL equilibrium depends on the intrinsic 
characteristics of agonist binding to a particular receptor, while 
the ARL to ARL and ARL to ARL equilibrium may be shifted 
compared to RL to RL. The magnitude of this shift is arrestin- 
dependent and gives rise to the observed differences in B^^ for 
different wild type and mutant arrestins. 

The deletion of the C terminus of arrestin promotes its tran- 
sition into the high-affinity binding conformation (A) (25, 26), 
thus eliminating one of the limiting steps in the sequence of 
events leading to ARL and increasing the observed B^^ (Table 
I). While deletion of the entire C-terminal half of the arrestin 
molecule produces an arrestin that cannot form a high affinity 
binding conformational state (27), it still appears capable of 
forming an ARL complex that is stable enough for detection 
(25-27, Figs. 3 and 6). This truncation also shortens the chain 
of events leading to the high-affinity complex and therefore 
also increases the B^^ (Table I). While antagonists (N) do not 
induce receptor activation, arrestins are still capable of assum- 
ing a high-affinity binding conformation (ARN), dbeit with a 
lower probability, and consequently induce a conformational 
change in the receptor to form ARN. Thus, while a lower 
percentage of the receptors will be present in the ARN complex 
at equilibrium (compared to ARL), the complex itself is essen- 
tially the same as in the presence of agonist (at least as far as 
arrestin-receptor interaction is concerned). This would trans- 
late into no change in the but a lower B^^ as was experi- 
mentally observed (Table I). Truncated arrestins would be ex- 
pected to shifl; the equilibrium toward ARN in the presence of 
an antagonist more eff'ectively than the full-length arrestins, 
again in agreement with the experimental data (Fig. 3). 

The kinetic model of arrestin-receptor interaction suggests 
that analogous to visual arrestin, non-visual arrestins are se- 
lective toward the activated/phosphorylated form of receptors. 
The major difference between the visual and non-visual ar- 
restins appears to be in their ability to induce an activation-like 
conformational change in the phosphorylated inactive receptor. 
Thus, /3arr and arr3 appear to be able to promote formation of 
an AR (L) complex even in the absence of ligand. The data with 
truncated arrestins (Figs. 3 and 6) suggest that both rhodopsin 
and the ^s^R are rather rigid while the m2 mAChR appears to 
be more flexible, since even the shortest arrestin species are 
able to induce an active conformation in a large proportion of 
the P-mAChR* (Table I). Arr3S appears to possess the best 
abiHty to shift the equilibrium toward a high-affinity complex 
since it has the highest B^^ with both P-^g^R* and 
P-mAChR*, and is second only to visual arrestin in binding to 
P-Rh* (Fig. 1, Table I). 

The model of arrestin-receptor interaction is analogous to the 
current model of G protein-receptor interaction in several im- 
portant aspects (48-50). Both arrestins and G proteins prefer- 
entiaDy bind to agonist-activated receptors, although both are 
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50). In the presence of a saturating concentration of agonist, 
only a certain percentage of the receptors are able to form a 
high-affinity complex with either an arrestin (Table I) or G 
protein (48, 49), Since the same functional state of the receptor 
is capable of interacting with both G protein and arrestin, this 
suggests that direct competition between the two is the most 
plausible mechanism of arrestin action. Since receptor associ- 
ated with G protein has a higher affinity for agonists than the 
receptor alone (48, 49), the ARL complex might also be expected 
to have a higher affinity for agonists. In the visual system, 
where all-^ra;is -retinal bound to metarhodopsin II is analogous 
to the agonist-occupied activated form of the receptor, transdu- 
cin interaction stabilizes the metarhodopsin II state. This is 
fully analogous to the stabilization of the receptor- agonist com- 
plex by other G proteins. Interestingly, visual arrestin was also 
shown to stabilize the metarhodopsin 11 state of phosphoryl- 
ated rhodopsin (47). The affinity of P-jSgAR and P-mAChR for 
agonists in the presence and absence of non-visual arrestins 
remains to be determined. 

The other implication of these data and the model of arres- 
tin-phosphoreceptor interaction is a very slow dissociation of 
arrestin. While dissociation of visual arrestin from P-Rh* is 
facilitated by the decay of phosphometarhodopsin II to phos- 
phoopsin (26), dissociation of the agonist from ARL only mod- 
estly facilitates arrestin dissociation (Table I). Thus, either 
non-visual arrestin dissociation is indeed a relatively slow proc- 
ess in the cell or it might be facilitated by either receptor 
sequestration or modification (e.g. phosphorylation) of the 
bound arrestin. In any event the arrestins are likely to stay 
boiind to the phosphoreceptor at least until agonist dissocia- 
tion, thus ensuring high fidelity of the signal termination. 

Conclusions 

This series of studies utilizing various truncated and chi- 
meric arrestins demonstrates that the relatively high degree of 
amino acid homology among the arrestins translates into a 
similar localization of their functional domains. The mecha- 
nisms ensuring the selectivity of visual arrestin (26, 27) appear 
to be operational in the case of non-visual arrestins as well. 
Two centrally localized domains are primarily involved in re- 
ceptor interaction and therefore are major determinants of 
arrestin specificity. Both domains seem to play comparable 
roles in arrestin interaction with receptors. These data corrob- 
orate the hypothesis (26, 27) that there is an interaction be- 
tween N- and C-terminal regulatory regions in arrestins. The 
significant interchangeability of the arr and jSarr regulatory 
regions suggests that future mutagenesis studies should target 
conserved residues within these domains. 
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